1. Introduction {#sec1-molecules-21-01508}
===============

Periodontitis, one of the most common inflammatory diseases in humans, is a chronic inflammatory disease that leads to destruction of tooth supporting tissues \[[@B1-molecules-21-01508]\]. Although not fatal, it can cause tooth loss and marked reduction in quality of life. It is well documented that periodontitis is initiated by microbes embedded in subgingival dental plaque (biofilm) and related to complex interactions of bacteria with the host \[[@B2-molecules-21-01508],[@B3-molecules-21-01508]\]. The development of this disease is a multifactorial process involving interactions between the host and the microorganisms that colonize the oral cavity \[[@B4-molecules-21-01508],[@B5-molecules-21-01508]\].

A gram-negative anaerobic bacterium, *Porphyromonas gingivalis* (*P. gingivalis*), is a major etiological pathogen of severe periodontitis and causes alveolar bone resorption \[[@B6-molecules-21-01508]\]. *P. gingivalis* can locally invade periodontal tissues and evade the host defense mechanisms. In doing so, it utilizes a panel of virulence factors that cause deregulation of the innate immune and inflammatory responses \[[@B7-molecules-21-01508]\]. *P. gingivalis* adheres to, invades, and replicates within human epithelial cells and can modulate cell signal transduction pathways, directing its uptake by gingival epithelial cells \[[@B8-molecules-21-01508]\].

Gingival epithelial cells function as an innate physical barrier to prevent invasion by periodontal bacteria \[[@B9-molecules-21-01508]\]. Nevertheless, several strains of periodontal bacteria---including *P. gingivalis*, *Tannerella forsythia*, and *Treponema denticola*---have been detected among epithelial cells obtained from periodontal pockets, gingival crevices, and buccal mucosa specimens collected from both periodontitis patients and subjects with healthy gingivae \[[@B10-molecules-21-01508],[@B11-molecules-21-01508]\]. The perturbation of epithelial cells by bacteria is the first stage in the initiation of the inflammatory and immune processes, which eventually cause destruction of the tissues surrounding and supporting the teeth, ultimately resulting in tooth loss \[[@B12-molecules-21-01508]\].

Oral keratinocytes reside at the gingival sulcus and respond to bacterial challenge via Toll-like receptor (TLR)s. Their activation in keratinocyte is the first line of defense in immune system and produce a variety of pro-inflammatory cytokines and chemokines \[[@B13-molecules-21-01508]\]. These cytokines---including interferon (IFN)-γ, interleukin (IL)-1β, IL-8, and tumor necrosis factor (TNF)-α---are produced by human keratinocytes and activate neutrophils and macrophages \[[@B14-molecules-21-01508],[@B15-molecules-21-01508]\].

Clinical intervention in periodontitis is primarily mechanical and involves scaling of the subgingival tooth surface to remove the plaque biofilm. In the event of significant loss of tooth-supporting tissues, surgical procedures are sometimes carried out to restore the periodontal architecture and stimulate regeneration of supporting tissues \[[@B16-molecules-21-01508]\]. In this context, it should be noted that conventional periodontal treatment is often not sufficient by itself to control destructive inflammation and many patients develop recurrent disease \[[@B17-molecules-21-01508],[@B18-molecules-21-01508]\]. Several anti-inflammatory interventions have been tested in preclinical animal models of periodontitis, including non-human primates, which share key clinical, microbiological, and immunohistological features with the human disease \[[@B19-molecules-21-01508],[@B20-molecules-21-01508],[@B21-molecules-21-01508],[@B22-molecules-21-01508]\]. However, there is not yet an obvious anti-inflammatory agent for periodontitis. Although antibiotics are conventional therapeutic agents for bacterial infection, they have been known to induce some side effects. Recently, reports have suggested that the natural toxin bee venom (BV) has anti-bacterial and anti-inflammatory effects \[[@B23-molecules-21-01508],[@B24-molecules-21-01508]\].

BV therapy has been used in oriental medicine for the relief of pain and the treatment of inflammatory diseases, such as rheumatoid arthritis and multiple sclerosis \[[@B25-molecules-21-01508],[@B26-molecules-21-01508]\]. Previous studies have demonstrated the anti-inflammatory effect of bee venom in rheumatoid arthritis, allergic asthma, and atherosclerosis \[[@B25-molecules-21-01508],[@B27-molecules-21-01508]\]. However, there has not yet been a robust trial to prove a therapeutic effect of bee venom in periodontitis. In the present study, the anti-inflammatory properties of bee venom were investigated in a periodontitis model stimulated by *P. gingivalis* lipopolysaccharide (PgLPS), using a human keratinocyte cell line.

It has been established that the host inflammatory response against bacteria and their virulence factors is the basis for understanding the pathogenesis of chronic periodontitis \[[@B28-molecules-21-01508],[@B29-molecules-21-01508],[@B30-molecules-21-01508],[@B31-molecules-21-01508],[@B32-molecules-21-01508],[@B33-molecules-21-01508]\]. The destructive response of the organism is associated with an increased expression of inflammatory cytokines in the tissue \[[@B28-molecules-21-01508],[@B29-molecules-21-01508],[@B32-molecules-21-01508],[@B34-molecules-21-01508],[@B35-molecules-21-01508]\]. Further, it has been shown that the gingival tissue in patients with chronic periodontitis contains larger amounts of pro-inflammatory cytokines---such as IL-1, 6, 8, TNF-α, and other chemical mediators of inflammation---in comparison with those of healthy individuals \[[@B32-molecules-21-01508]\].

Among these cytokines, IL-6 and IL-8 are considered to be crucial pro-inflammatory factors correlated with the initiation of periodontitis \[[@B36-molecules-21-01508]\]. IL-6 is responsible for modulating the inflammatory cascade associated with chronic periodontitis \[[@B37-molecules-21-01508]\]. IL-8 is a major chemokine involved in neutrophil infiltration into periodontal lesions leading to exacerbation of the inflammation in periodontal tissue \[[@B38-molecules-21-01508]\]. TNF-α is a multifunctional cytokine involved in the regulation of immunity and inflammation \[[@B39-molecules-21-01508]\]. Recent studies have indicated that TNF-α, IL-1β, and IL-8 accelerate skin inflammation in mice. Also, these cytokines and chemokines were shown to modulate inflammatory responses in keratinocytes and monocytes \[[@B40-molecules-21-01508],[@B41-molecules-21-01508]\].

A multitude of studies have shown that *P. gingivalis* modulates the innate host defense functions by subversion of IL-8 secretion, complement activity, and Toll-like receptor (TLR)-4 activation \[[@B16-molecules-21-01508]\]. Furthermore, bacteria stimulate the production of pro-inflammatory cytokines via TLR-2 and TLR-4 \[[@B42-molecules-21-01508],[@B43-molecules-21-01508]\]. Therefore, some pro-inflammatory cytokines and TLR-4 were researched to determine the expression level during PgLPS stimulation in the present study. Several studies have demonstrated that keratinocytes and monocytes induce pro-inflammatory cytokines through a TLR-2-dependent pathway \[[@B44-molecules-21-01508],[@B45-molecules-21-01508]\]. TLRs are expressed by various cells of the innate immune system, such as monocytes, macrophages, and granulocytes \[[@B46-molecules-21-01508]\]. Activation of TLRs promotes the production of pro-inflammatory cytokines, prostaglandins, leukotrienes, and chemokines \[[@B47-molecules-21-01508]\]. Ten human TLRs, with different ligand specificities, have been identified. TLR-4 is associated with cluster differentiation (CD)14 and is mainly involved in mediating lipopolysaccharide (LPS)-induced cellular signaling of gram-negative bacteria \[[@B48-molecules-21-01508]\]. By contrast, TLR-2 recognizes lipopeptides from gram-positive bacteria and contributes to the innate immune response of human epidermal keratinocytes \[[@B49-molecules-21-01508]\].

During inflammatory reactions, TLR activation results in the activation of the mitogen-activated protein kinases (MAPK), protein kinase B (Akt), the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and activator protein (AP)-1 signaling pathways. These pathways modulate inflammatory gene expression, which is crucial in shaping the innate immune response within the inflammatory disease \[[@B50-molecules-21-01508],[@B51-molecules-21-01508],[@B52-molecules-21-01508]\].

The aim of this study was to evaluate the inhibitory effect of BV on the expression of inflammatory cytokines and TLR-4 in PgLPS-stimulated keratinocytes. In the present study, the expressions of inflammatory cytokines, TLR-4, NF-κB, extracellular signal-regulated kinase (ERK), Akt, and c-Jun (which is major component of AP-1) were increased in the PgLPS-treated keratinocytes. Their expressions were decreased after BV treatment. The activation of transcription factor AP-1 and NF-κB, known to be related to the expressions of inflammatory cytokines, was also evaluated. Therefore, these results might reveal the potential therapeutic effects of BV as an alternative agent for *P. gingivalis*-induced periodontitis. In addition, the molecular pathogenesis of periodontitis and the anti-inflammatory effects of BV were investigated in the present study.

2. Results {#sec2-molecules-21-01508}
==========

2.1. Effects of BV on Cell Viability {#sec2dot1-molecules-21-01508}
------------------------------------

Cell counting kit (CCK)-8 assay was carried out to determine cytotoxicity of BV at different doses. HaCaT cells were treated with 10, 100, 250, and 500 ng/mL of BV for 8 or 24 h. In the 8 h BV treatment, the HaCaT cell viability was reduced at the 500 ng/mL concentration of BV. However, 10, 100, and 250 ng/mL of BV did not alter the HaCaT cell viability ([Figure 1](#molecules-21-01508-f001){ref-type="fig"}). In the 24 h BV treatment, the HaCaT cell viability was reduced at the 100, 250, and 500 ng/mL concentrations of BV. In accordance with this result, BV treatment was performed for 8 h, and 500 ng/mL concentration of BV was excluded in subsequent experiments.

2.2. BV Inhibits PgLPS-Induced the Pro-Inflammatory Cytomokines and TLR-4 {#sec2dot2-molecules-21-01508}
-------------------------------------------------------------------------

To demonstrate the effect of BV on the inflammation, induced by PgLPS, BV was administrated to the PgLPS-treated HaCaT cells. HaCaT cells were pre-incubated with or without BV, and treated with or without PgLPS. After treatment, the culture supernatants were collected for enzyme-linked immunosorbent assay (ELISA). The cells were collected for real-time polymerase chain reaction (PCR) and Western blot. ELISA was employed to examine the effects of BV on the secretion of IL-1β and TNF-α from PgLPS-treated HaCaT cells. PgLPS increased the secretion of IL-1β and TNF-α, compared with normal control (NC), and 10 and 100 ng/mL of BV treatments significantly suppressed the secretion of IL-1β and TNF-α, compared with PgLPS group. However, 250 ng/mL of BV treatment suppressed the secretion of IL-1β and TNF-α less effectively than 100 ng/mL of BV treatment ([Figure 2](#molecules-21-01508-f002){ref-type="fig"}A,B). Thus, these observations suggest that 10, 100, and 250 ng/mL of BV effectively inhibits the secretion of IL-1β and TNF-α in PgLPS-treated HaCaT cells, but the most efficient concentration of BV was 100 ng/mL.

Real-time PCR was used to elucidate the effects of BV on the gene expression of TNF-α, IL-6, and IL-8 in PgLPS-treated HaCaT cells. As shown in [Figure 2](#molecules-21-01508-f002){ref-type="fig"}D--F, PgLPS markedly increased the mRNA expression of TNF-α, IL-6, and IL-8, compared with NC, and 10 and 100 ng/mL of BV treatment significantly suppressed the mRNA expression of IL-6, IL-8, and TNF-α. However, the results of 250 ng/mL of BV treatment were different in each case (i.e., TNF-α, IL-6, IL-8). In the case of TNF-α, 250 ng/mL of BV treatment did not decrease TNF-α mRNA but rather increased TNF-α mRNA, compared with the PgLPS group, whereas 250 ng/mL of BV treatment inhibited IL-6 mRNA similarly to 100 ng/mL of BV treatment. Furthermore, 250 ng/mL of BV treatment inhibited the IL-6 mRNA less effectively than 100 ng/mL of BV treatment. These results show that 10 and 100 ng/mL of bee venom exhibited the suppression of TNF-α, IL-6 and IL-8 mRNA expressions, and 250 ng/mL of BV resulted in the suppression of IL-6 and IL-8 mRNA expressions and the encouragement of TNF-α mRNA expression in PgLPS-treated HaCaT cells.

Western blot results showed the effects of BV on PgLPS-induced pro-inflammatory cytokines, and TLR-4 expressions in HaCaT cells. HaCaT cells expressed IFN-γ, IL-8, TNF-α, and TLR-4 after exposure to PgLPS. On the other hand, BV treatment suppressed the expression of IFN-γ, IL-8, TNF-α, and TLR-4 in different patterns. First, BV suppressed the IFN-γ expression in a dose-dependent manner. In the cases of IL-8, TNF-α, and TLR-4, their expression levels reduced in the 10 and 100 ng/mL of BV, but not in the 250 ng/mL of BV ([Figure 2](#molecules-21-01508-f002){ref-type="fig"}C). These results show that 100 ng/mL of BV is the optimal concentration for the suppression of IL-8, TNF-α, and TLR-4 expressions, and BV significantly inhibits the expression of IFN-γ in PgLPS-treated HaCaT cells.

2.3. BV Suppresses Signaling Pathways of Inflammatory Transcription Factors in PgLPS-Treated HaCaT Cells {#sec2dot3-molecules-21-01508}
--------------------------------------------------------------------------------------------------------

The NF-κB signaling pathway is a central player in a wide variety of chronic inflammatory diseases, and NF-κB inhibitor (IκB) and IκB kinase (IKK) are important proteins in the NF-κB signaling pathway \[[@B53-molecules-21-01508]\]. In this study, to determine the involvement of IKK, IκB, and NF-κB in the anti-inflammatory property of BV, activation of these proteins was examined by Western blots ([Figure 3](#molecules-21-01508-f003){ref-type="fig"}A). Following the administration of PgLPS, increased expressions of cytosolic phosphorylated (p)IKK, nuclear NF-κB were found in the PgLPS-treated cells, while decreased expression of cytosolic IκB. Addition of 10 ng/mL and 100 ng/mL BV reduced cytosolic pIKK, nuclear NF-κB more effectively than 250 ng/mL of BV treatment, and the pattern of IκB expression appeared contrastively.

Activation of Akt and ERK is important in the LPS-induced innate immune response. ERK could play a crucial role to regulate AP-1 transcription factor complex, composed of proteins belonging to the c-Fos and c-Jun. \[[@B54-molecules-21-01508]\]. To determine the effect of BV on the Akt/ERK activation and expression of c-Jun in PgLPS-stimulated HaCaT cells, Western blot was performed ([Figure 3](#molecules-21-01508-f003){ref-type="fig"}B). HaCaT cells expressed pAkt, pERK, and pc-Jun after exposure to PgLPS, compared with the NC group. In contrast, the PgLPS-induced expression of pAkt, pERK, and pc-Jun were inhibited by BV in a dose-dependent manner.

2.4. BV Reduces the DNA-Binding Activity of Inflammatory Transcription Factors in PgLPS-Treated HaCaT Cells {#sec2dot4-molecules-21-01508}
-----------------------------------------------------------------------------------------------------------

To examine whether BV effectively blocks the DNA-binding activity of NF-κB and AP-1, gel electrophoresis mobility shift assays (EMSA) were performed. As shown in [Figure 4](#molecules-21-01508-f004){ref-type="fig"}A,B, the binding activity of NF-κB and AP-1 was increased in PgLPS-treated HaCaT cells. In contrast, this enhancement of binding activity was markedly withdrawn after treatment with 10 ng/mL and 100 ng/mL of BV, while 250 ng/mL of BV treatment suppressed the binding activity of NF-κB and AP-1 less effectively than 100 ng/mL of BV.

In the case of TNF-α and NF-κB, the protein expression levels were examined by Western blot, and the results showed that the optimal concentration of BV was 100 ng/mL in PgLPS-treated HaCaT cells. Furthermore, to determine whether 100 ng/mL of BV affects the distribution of TNF-α and NF-κB in PgLPS-treated HaCaT cells, immunofluorescence labeling was performed ([Figure 4](#molecules-21-01508-f004){ref-type="fig"}C). The distribution of TNF-α and NF-κB in NC displayed little TNF-α and NF-κB expression in the cytoplasm. In contrast, the PgLPS-treated group showed strong labeling intensity of TNF-α in the cytoplasm and NF-κB in the nucleus. In the case of the BV-treated group, the expression of TNF-α and NF-κB was significantly reduced, compared with the PgLPS-treated group. These data suggest that PgLPS induced activation of TNF-α and NF-κB in HaCaT cells, and 100 ng/mL of BV reduced the expression of TNF-α and NF-κB in PgLPS-treated HaCaT cells.

3. Discussion {#sec3-molecules-21-01508}
=============

BV and its components induce a variety of immune responses, including both acute inflammatory responses, such as mast cell degradation, and adaptive immune responses. However, the molecular mechanisms by which the innate immune system detects envenomation and initiates inflammatory and allergic responses remain largely unknown \[[@B55-molecules-21-01508]\]. Interestingly, relatively high concentrations (≥2.5 μg/mL) of BV trigger the increase of IL-1β and IL-18 release in human keratinocytes \[[@B56-molecules-21-01508]\]. In contrast, relatively low concentrations (≤100 ng/mL) of BV decreased the inflammatory cytokines in bacteria-infected human keratinocytes \[[@B24-molecules-21-01508]\]. These results showed that the anti-inflammatory effect of BV is caused at relatively low concentrations. In the present study, it was shown that the inhibitory effects of BV for inflammatory cytokines were also achieved in a dose-dependent manner, especially at a low concentration of BV.

Administration of melittin, which is a major component of BV, significantly decreased the expression of various inflammatory cytokines in *P. acnes*-treated keratinocytes. In particular, melittin suppressed the expression of TNF-α and IL-1β through regulation of the NF-κB and MAPK signaling pathways in keratinocytes \[[@B23-molecules-21-01508]\]. In the present study, BV suppressed PgLPS-inducible IKK phosphorylation and nuclear NF-κB p65 activation in keratinocytes. Also, the PgLPS-induced ERK MAPK signal and AP-1 activation in keratinocytes was specifically inhibited by BV. Moreover, the binding activity of NF-κB and AP-1 was increased in PgLPS-induced keratinocytes. In contrast, BV markedly withdrew the responses induced by PgLPS in keratinocytes by suppression of inflammatory cytokines through modulation of NF-κB and AP-1 transcription factors. These results support the previous paper that BV might be used for the prevention of progression of inflammatory diseases induced by bacteria \[[@B23-molecules-21-01508]\].

PgLPS is a key factor in the development of periodontitis. Gingival epithelial cells, including keratinocytes, which are the major constituents of gingival connective tissue, may directly interact with *P. gingivalis* and its bacterial products, including LPS, in periodontitis lesions \[[@B57-molecules-21-01508],[@B58-molecules-21-01508]\]. For its part, PgLPS promotes cell proliferation and production of IL-1β, IL-6, and IL-8 \[[@B59-molecules-21-01508]\]. This is in agreement with the findings of Roberts et al. \[[@B60-molecules-21-01508]\], who found that the mononuclear cells derived from the periodontal tissue have the capacity to respond to the periodontal pathogens and their virulence factors and induce the expression of pro- and anti-inflammatory cytokines (IL-1α, IL-1β, IL-6, IL-8, IL-12, IL-13, TNF-α, and IFN-γ) in tissues affected by periodontal disease. In the present study, it was identified that PgLPS-treated keratinocytes showed increased expressions of IL-1β, IL-6, IL-8, TNF-α, and IFN-γ.

Among these cytokines, IL-6 is a pro-inflammatory cytokine which highlights the importance in periodontitis. It was reported that IL-6 induces osteoclastogenesis and alveolar bone resorption in periodontitis \[[@B36-molecules-21-01508]\]. Perlman et al. observed that over-expression of p21 could suppress IL-6 production by reducing the activation of AP-1 \[[@B61-molecules-21-01508]\]. It has been shown that viable *P. gingivalis* could activate AP-1 and then induce the upregulation of IL-6 \[[@B62-molecules-21-01508]\]. In the present study, it was identified that transcription factor AP-1 was related to the expressions of inflammatory cytokines in the PgLPS-treated keratinocytes. The expressions of AP-1 and IL-6 were inhibited by BV treatment. In the present study, it was identified that transcription factors AP-1 and NF-κB were related to the expressions of inflammatory cytokines in the PgLPS-treated keratinocytes. The expressions of these transcription factors were inhibited by BV treatment.

During inflammatory reactions in the skin, IFN-γ has an essential role in host defense against various bacteria by activating phagocytes and inflammatory reactions \[[@B63-molecules-21-01508]\]. TNF-α and IL-8 are well described as pro-inflammatory cytokines induced by bacteria that may play a role in the chemo-attraction and maturation of inflammatory cells \[[@B64-molecules-21-01508]\]. Some papers have reported that LPS and bacteria directly stimulate the production of TNF-α, IL-1β, IL-8, and IFN-γ via TLR expression \[[@B65-molecules-21-01508],[@B66-molecules-21-01508]\]. Thus, it is suggested that inhibition of TLR activation may be a novel and effective therapeutic strategy for increased pro-inflammatory mediators \[[@B45-molecules-21-01508],[@B67-molecules-21-01508]\].

TLRs are involved in host defense against a variety of pathogens including bacteria, parasites, and fungi \[[@B45-molecules-21-01508],[@B68-molecules-21-01508]\]. TLR-4 is known to be activated, as well as inhibited, by PgLPS \[[@B69-molecules-21-01508]\]. TLR-2 is mostly activated by pathogen-associated molecular patterns from gram-positive bacteria, while TLR-4 is more associated with entero-bacterial LPS-activation \[[@B70-molecules-21-01508]\]. This represents another reason why TLR-4 was used for this experiment, because PgLPS was used to injure the keratinocytes for the present study.

The major pathway used by most TLRs leads to the activation of the NF-κB, MAPK, and AP-1 signaling pathways. They then modulate inflammatory gene expression, which is crucial for the innate immune response to inflammation \[[@B47-molecules-21-01508],[@B71-molecules-21-01508]\]. NF-κB comprises a family of inducible transcription factors that serve as important regulators of the host immune and inflammatory responses \[[@B72-molecules-21-01508],[@B73-molecules-21-01508]\]. Other important AP-1 signaling pathways have been implicated in multiple cellular events, such as proliferation, survival, differentiation, and inflammation \[[@B50-molecules-21-01508],[@B74-molecules-21-01508]\]. Activation of MAPK and AP-1 leads to increased production of pro-inflammatory mediators, such as TNF-α and IL-1β \[[@B75-molecules-21-01508],[@B76-molecules-21-01508]\]. In the present study, expression of ERK MAPK and AP-1 was increased by PgLPS, and BV decreased them.

In summary, *P. gingivalis* infection makes a crucial contribution to the upregulation of pro-inflammatory cytokines during infection. PgLPS-treated keratinocytes upregulated the expression of inflammatory cytokines. It has been demonstrated that BV had an anti-inflammatory effect through suppression of pro-inflammatory cytokines. Also, administration of BV significantly decreased the activation of transcription factors---which were related to pro-inflammatory cytokines---in LPS-treated keratinocytes.

These results demonstrated that bee venom has effects on anti-inflammatory activity against PgLPS-treated keratinocytes. BV suppressed the production of pro-inflammatory cytokines, such as IFN-γ, IL-1β, IL-6, IL-8, and TNF-α, through blocking the prime signaling pathway, including Akt, NF-κB, ERK1/2, and AP1, induced by PgLPS in HaCaT cells. Also, it was demonstrated that BV blocked the transcription factors NF-κB and AP-1, resulting in the suppression of pro-inflammatory cytokines. In addition, the results indicate that BV can protect keratinocytes against PgLPS-mediated injury. This might be the first evidence that BV can be effective for the treatment of *P. gingivalis*-induced periodontitis.

Therefore, it is suggested that bee venom is an alternative treatment to anti-inflammatory therapy for periodontitis. However, the anti-bacterial properties of the bee venom components on *P. gingivalis* were not determined. The precise anti-bacterial mechanisms of the bee venom components require further investigation. These results regarding the regulation of important cytokines in *P. gingivalis* LPS-treated keratinocytes could contribute to further understanding of the pathogenesis of periodontitis and the development of novel preventive and therapeutic approaches to controlling this disease.

4. Materials and Methods {#sec4-molecules-21-01508}
========================

4.1. Bee Venom {#sec4dot1-molecules-21-01508}
--------------

Colonies of natural honey bees used in this study were maintained at the National Institute of Agricultural Science and Technology, Suwon, Korea. BV was collected using a BV collecting device (Chunggin, Korea) in a sterile manner under strict laboratory conditions. In brief, the BV collector was placed in the hive, and the bees were given enough electric shock to cause them to sting a glass plate from which dried BV was later scraped off. The collected BV was purified by the method of Han et al. \[[@B77-molecules-21-01508]\]. In brief, all of the bioactive components of BV used in the experiment were confirmed by size exclusion gel chromatography (AKTAexplorer, Pharmacia, Pleasanton, CA, USA) by dissolving in 0.1 M ammonium formate adjusted to pH 4.5. A Sephadex TM75 column (Amersham Biosciences, Piscataway, NJ, USA) with further purification by a Source 15RPC ST column (GE Healthcare, Little Chalfont, UK) with 0.1% trifluoracetic acid in 20% acetonitrile as the eluent was used to confirm the presence of melittin, the major active ingredient of BV.

4.2. Cell Culture and Reagents {#sec4dot2-molecules-21-01508}
------------------------------

A human keratinocyte cell line, HaCaT cells, was cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics at 37 °C in a humidified 5% CO~2~ incubator. HaCaT cells were seeded at 1.0 × 10^6^ cells per 3 mL complete medium in a 100 mm TC-treated cell culture dish. The medium was changed 24 h later to serum-free medium containing the indicated concentrations of BV (10, 100 and 250 ng/mL; Sigma, St. Louis, MO, USA). After 1 h, the cells were co-treated with 100 ng/mL of PgLPS (InvivoGen, San Diego, CA, USA). After 7 h, the cells and culture supernatants were collected.

4.3. Cell Viability Assay {#sec4dot3-molecules-21-01508}
-------------------------

The cell viability of HaCaT was determined by CCK-8 assay (Dojindo, Kumamoto, Japan). The cells were seeded in a 96-well plate at 5.0 × 10^3^ cells/well and pre-incubated for 24 h. After pre-incubation, the cells were treated with BV (10, 100, and 250 ng/mL) for 8 or 24 h. Subsequent to bee venom treatment, 10 μL of WST-8 solution \[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2*H*-tetrazolium, monosodium salt\] was added to each well, and the cells were incubated for an additional 4 h at 37 °C. The cell viability values were measured by absorbance at 450 nm using a microplate reader.

4.4. Quantitative Real-Time PCR {#sec4dot4-molecules-21-01508}
-------------------------------

RNA was extracted from cultured cells with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's recommendations. Reverse transcription reaction was performed by using AccuPower RT Premix and Oligo dT18 primer (Bioneer, Daejeon, Korea) according to the manufacturer's recommendations. Real-time PCR was performed in a LightCycler nano System (Roche Applied Science, Mannheim, Germany) by using LightCycler DNA Master SYBR GREEN I (Roche Applied Science). PCR mixtures contained 100 ng of cDNA and 0.5 μM each of forward and reverse primers. The samples were denatured at 95 °C for 10 min, followed by 45 cycles of annealing and extension at 95 °C for 20 s, 60 °C for 20 s, and 72 °C for 20 s. Expression values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Quantitative real-time PCR products were further confirmed by melting curve analysis. The primer sequences were as follows: TNF-α, forward, 5′-AGTGGTGCCAGCCGATGGGTTGT-3′, and reverse, 5′-GCTGAGTTGGTCCCCCTTCTCCAG-3′; IL-8, forward, 5′-TCCAATTCGGGAGACCTCTA-3′, and reverse, 5′-TAGGCATCACTGCCTGTCAA-3′; IL-6, forward, 5′-GGTACATCCTCGACGGCATCT-3′, and reverse, 5′-GTGCCTCTTTGCTGCTTTCAC-3′; GAPDH, forward, 5'-GGAGCCAAAAGGGTCATCAT-3′, and reverse, 5′-GTGATGGCATGGACTGTGGT-3′.

4.5. ELISA {#sec4dot5-molecules-21-01508}
----------

The concentrations of IL-1β and TNF-α in the HaCaT cell supernatants were determined by enzyme-linked immunosorbent assay (ELISA) kit, according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA). The optical density was measured at 450 nm in an ELISA reader (BMG Labtech, Ortenberg, Baden-Württemberg, Germany).

4.6. Western Blotting {#sec4dot6-molecules-21-01508}
---------------------

Cells were lysed by using cell lytic™ M (Sigma). After incubation for 30 min on ice, the lysed cells were centrifuged at 12,000 *g*, 4 °C for 10 min. The supernatants were collected, and protein concentration was determined by using Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). Protein extracts were separated on 8% to 12% SDS-polyacrylamide gels and transferred to nitrocellulose membrane (GE healthcare, Little Chalfont, Buckinghamshire, UK) using the standard SDS-PAGE procedure. The membrane was blocked in 5% (*w*/*v*) skim milk in TBS-T (25 mM Tris, pH 7.4; 3 mM KCL; 140 mM NaCl; and 0.1% (*v*/*v*) Tween-20) for 1 h at room temperature. After blocking, the membrane was probed with primary antibody for 4 h at room temperature and was washed with TBS-T for 10 min on the shaker, repeating the process two times, for a total of three washes. Then, the membrane was probed with horseradish peroxidase (HRP)-conjugated secondary antibody for 2 h at room temperature. Following a repeat of the wash step, the membrane was incubated in enhanced chemiluminescence (ECL) detection reagents (Thermo Fisher Scientific, Waltham, MA, USA) for 1 min. Signal intensity was quantified by an image analyzer (LAS-3000; Fuji, Tokyo, Japan). Primary antibodies used in the present study were purchased from Abcam (anti-IFN-γ, ab9657; anti-TNF-α, ab1793; Cambridge, Cambridgeshire, UK), Cell Signaling Technology (anti-Akt, \#9272; anti-phospho-Akt, \#9271; anti-ERK, \#4695; anti-phospho-ERK, \#4377; anti-IκB, \#9242; anti-IKK, \#2682; anti-phospho-IKK, \#2681; anti-NF-κB p65, \#3034; anti-phospho-NF-κB p65, \#3031; anti-phospho-c-Jun, \#9261; Danvers, MA, USA), Santa Cruz Biotechnology (GAPDH, sc-32233; IL-8, sc-8427; TLR-4, sc-10741; Dallas, TX, USA) and Invitrogen (Lamin B1, \#33-2000; Carlsbad, CA, USA).

4.7. EMSA {#sec4dot7-molecules-21-01508}
---------

Lightshift^®^ Chemiluminescent EMSA Kit (Thermo) was used for the electrophoretic mobility shift assay (EMSA), according to the manufacturer's instructions. The image analyzer (LAS-3000; Fuji, Tokyo, Japan) was used to detect chemiluminescence of biotin-labeled DNA. The NF-κB (5′-AGTTGAGGGGACTTTCCCAGGC-3′) and AP-1 (5′-CGCTTGATGACTCAGCCGGAA-3′) oligonucleotide probe were end-labeled with DIG-ddUTP.

4.8. Immunofluorescence Analysis {#sec4dot8-molecules-21-01508}
--------------------------------

Cells were seeded at a density of 3.0 × 10^5^ cells/well in a 4-well chamber slide. After 24 h, the media were changed to serum-free media, containing the 100 ng/mL of BV. After 1 h, the cells were treated with 100 ng/mL of PgLPS (InvivoGen) for 7 h. The treated-cells were washed with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. Fixed cells were treated with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 2 min to permeabilize. Following permeabilization, the cells were blocked in PBS, containing 5% bovine serum albumin, at room temperature for 1 h. After blocking, the cells were incubated with diluted primary antibody overnight at 4 °C, and secondary antibody was performed at room temperature for 4 h. The nuclei were stained with Hoechst 33342 solution for 20 min. Slides were mounted by using fluorescence mounting medium (Dako, Santa Clara, CA, USA). Specimens were examined and photographed by the using confocal microscope system (Nikon, Tokyo, Japan). Antibodies used in the present study were the following: anti-TNF-α; anti-phospho-NF-κB (Santa Cruz); anti-mouse-, and anti-rabbit-biotinylated secondary antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 555 (Thermo).

4.9. Statistical Analysis {#sec4dot9-molecules-21-01508}
-------------------------

All data are presented as the means ± standard error of the mean (SEM). A Student's *t*-test was used to assess the significance of independent experiments. Differences with *p* \< 0.05 were considered significant.
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![Cytotoxic effects of BV on HaCaT cells. Cytotoxicity of bee venom was determined by CCK-8 assay. HaCaT cells were treated with 1, 10, 100, 250, and 500 ng/mL of BV for 8 h (**A**); and 24 h (**B**). Results are expressed as the means ± SEM of three independent determinations. \* *p* \< 0.05 compared to the untreated group.](molecules-21-01508-g001){#molecules-21-01508-f001}

###### 

Effect of BV on the expression of pro-inflammatory mediators and TLR-4 in PgLPS-treated HaCaT cells. ELISA results demonstrate that BV suppressed the secretion of IL-1β (**A**); and IL-6 (**B**); (**C**) Western blot analysis showed that BV inhibited the expression of IFN-γ, IL-8, TNF-α, and TLR-4. GAPDH was used to confirm equal sample loading. Results are representative of three independent experiments; (**D**) 10 and 100 ng/mL of BV suppressed TNF-α mRNA expression, and 250 ng/mL of BV encouraged TNF-α mRNA expression; (**E**) IL-6 mRNA expression was inhibited by 10, 100, and 250 ng/mL BV; (**F**) 10, 100, and 250 ng/mL of BV reduced IL-8 mRNA expression. Results are expressed as the means ± SEM of three independent determinations. \* *p* \< 0.05 compared to the untreated group; † *p* \< 0.05 compared to the PgLPS group; +: treated; −: untreated.
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![BV inhibits the NF-κB signaling pathway and activation of Akt, ERK1/2 and c-Jun in PgLPS-treated HaCaT cells. (**A**) BV suppressed expression of cytosolic pIKKα/β and nuclear NF-κB, while BV improved cytosolic IκB, compared with the PgLPS-treated group; (**B**) BV suppressed activation of cytosolic Akt, ERK1/2, and nuclear c-Jun, compared with the PgLPS-treated group. GAPDH and Lamin B1 were used to confirm equal sample loading. Results are representative of three independent Western blot analyses. +: treated, −: untreated.](molecules-21-01508-g003){#molecules-21-01508-f003}

###### 

BV reduces the DNA binding activity of NF-κB and AP-1 in PgLPS treated HaCaT cells. EMSA results showed that BV treatment suppresses the binding activity of NF-κB (**A**); and AP-1 (**B**) in PgLPS-induced HaCaT cells. Results are representative of three independent experiments. +: treated; −: untreated; (**C**) BV inhibits the expression of TNF-α and NF-κB in PgLPS-treated HaCaT cells. Representative immunofluorescence images show that 100 ng/mL of BV suppressed TNF-α (labeled with Alexa Fluor 488, **green**) and NF-κB (labeled with Alexa Fluor 555, **red**). The nuclei were labeled with Hoechst 33342 (**blue**). NC: normal control; PgLPS: 0.1 μg/mL of *P. gingivalis* LPS; BV: 0.1 μg/mL of *P. gingivalis* LPS + 100 ng/mL of BV.
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